[1] When the interplanetary magnetic field (IMF) is dawnward or duskward, magnetic merging between the IMF and the geomagnetic field occurs near the cusp on the dayside flanks of the magnetosphere. During these intervals, flow channels in the ionosphere with velocities in excess of 2 km/s have been observed, which can deposit large amounts of energy into the high-latitude thermosphere. In this study, we analyze an interval on 5 April 2010 where there was a strong dawnward impulse in the IMF, followed by a gradual decay in IMF magnitude at constant clock angle. Data from the Sondrestrom incoherent scatter radar and the Defense Meteorological Satellite Program spacecraft were used to investigate ionospheric convection during this interval, and data from the Active Magnetospheric and Planetary Electrodynamics Response Experiment (AMPERE) were used to investigate the associated Field-Aligned Current (FAC) system. Additionally, data from AMPERE were used to investigate the time response of the dawnside FAC pair. We find there is a delay of approximately 1.25 h between the arrival of the dawnward IMF impulse at the magnetopause and strength of the dawnward FAC pair, which is comparable to substorm growth and expansion time scales under southward IMF. Additionally, we find at the time of the peak FAC, there is evidence of a reconfiguring four-sheet FAC system in the morning local time sector of the ionosphere. Additionally, we find an inverse correlation between the dawn FAC strength and both the solar wind Alfvénic Mach number and the SYM-H index. No statistically significant correlation between the FAC strength and the solar wind dynamic pressure was found. 
Introduction
[2] When the interplanetary magnetic field (IMF) is dominated by its dawn-dusk component (B Y ), it reconnects with the geomagnetic field at high latitudes on the dawn or dusk magnetospheric flanks [Friis-Christensen et al., 1972] . Recent efforts to improve satellite drag prediction in Low Earth Orbit have additionally found that during intervals of large IMF B Y , anomalous upwelling of neutral gas can occur in the dayside, high-latitude thermosphere [Lühr et al., 2004; Crowley et al., 2010] . This upwelling usually coincides with regions of intense downward Poynting flux that contain fast ionospheric ExB flow channels flanked by strong oppositely directed field-aligned currents (FACs) [Eriksson et al., 2008; Crowley et al., 2010; Knipp et al., 2011] . These flow channels have been shown to map to the reconnection region on the high-latitude magnetospheric flanks [Li et al., 2011; Wilder et al., 2012b] .
[3] Previous studies of extreme ionosphere-thermosphere energy deposition from the magnetosphere during IMF B Y -dominant conditions have focused on steady state conditions, for which the IMF magnitude was large for several hours [Crowley et al., 2010; Knipp et al., 2011; Wilder et al., 2012b] . While these have been valuable in providing a framework in which thermospheric upwelling in the cusp region can be predicted based on average solar wind conditions, more analysis needs to be done to understand the time response of the magnetosphere-ionosphere-thermosphere system to transient IMF features. In the present study, we investigate an event on 5 April 2010, when there was a À21 nT impulse in the IMF B Y component that slowly returned to zero and maintained a steady IMF clock angle over the course of 8.3 h. Using FAC data from the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) and convection data from the Sondrestrom incoherent scatter radar as well as the Defense Meteorological Satellite Program (DMSP), we examine the MLT distribution of an intense reconfiguring FAC pattern and the associated fast-flow channel in the morning sector in response to the IMF impulse. Additionally, we investigate the time response of the peak upward and downward FAC strength near MLT dawn. We find that there is a delay of 1.25 h between the IMF B Y impulse at the magnetopause and the peak FACs near MLT dawn.
Data Analysis and Results

Solar Wind and Geophysical Conditions
[4] Figure 1 shows the SYM-H index [Wanliss and Showalter, 2006] and solar wind and IMF conditions observed by the ACE spacecraft [Stone et al., 1997] and spacecraft B of the THEMIS mission (THB) [Angelopoulos, 2008] after 7 UT on 5 April 2010. During the 12-18 UT interval, the average locations of ACE and THB in Geocentric Solar Ecliptic (GSE) coordinates were (238.6, À35.6, À23.5) R E and (100.4, 66.6, À2.0) R E , respectively. At 8:27 UT, a solar wind dynamic pressure pulse encountered the Earth's magnetopause, leading to a sudden increase in the SYM-H index. ACE and THB observed this pressure pulse 35 and 15 min, respectively, prior to the SYM-H sudden impulse. These delays were used to propagate the ACE and THB data to the Earth.
[5] After several hours of fluctuating southward and then northward IMF, the IMF suddenly turned dawnward at 12:39 UT, with the B Y component reaching À21 nT and the clock angle equal to À88.5 . The IMF B Y then slowly decayed until the IMF B Z component began to turn negative at approximately 21 UT. Additionally, during 4.5 h of this interval, the Alfvénic Mach number (MA) in the solar wind was significantly smaller than the nominal value of 8. This can allow sunward convection on open-field lines in the magnetosphere, as the JxB force from a near-cusp or flank reconnection site can significantly exceed the magnetosheath dynamic pressure. During the afternoon B Y -dominated interval after 12:40 UT, THB observed significant fluctuations in MA that were not observed at ACE. This interval with an "impulse" and ensuing decay in IMF B Y at steady IMF clock angle will be the focus of the present study.
The 2-D Ionospheric FAC Patterns and Associated Plasma Convection
[6] In order to examine the FAC distribution, the present study uses data from AMPERE. AMPERE uses attitude magnetometer data from the constellation of over 70 Iridium satellites obtained at 20-s cadence per satellite to produce global maps of magnetic perturbations associated with largescale FACs [Anderson et al., 2000] . To obtain the large-scale FAC distribution, the magnetic field perturbations are fitted to a spherical harmonic expansion to obtain spatially uniform maps of magnetic perturbations from which the FACs are derived using the technique described by Waters et al. [2001] . A complete refresh of the magnetic perturbation distribution is obtained every 10 min, commensurate with the interspacecraft separation. FAC maps derived from lower timeresolution Iridium data have been used in a variety of scientific studies [e.g., Anderson et al., 2005 Anderson et al., , 2008 Korth et al., 2005 Korth et al., , 2010 Eriksson et al., 2008] . FAC distributions from high time-resolution AMPERE data are available since 2010 and have been used to study the thermospheric response to the northward IMF interval on 5 April 2010 [Wilder et al., 2012a] , as well as the storm response of the Region-1 FACs during other time periods [Clausen et al., 2012] .
[7] Figure 2 shows four AMPERE FAC patterns for 5 April 2010 at (a) 13:20 UT, (b) 13:50 UT, (c) 14:30 UT and (d) 16:30 UT. At 13:20 UT, which was 40 min after the impulse in IMF B Y , there is a FAC pair in the pre-noon sector at high latitudes, with the upward current being an extension of the duskside region 1 current, and the downward current being what is commonly referred to as the "cusp" or "region 0" current, which is known to be associated with a strong IMF B Y component [Potemra, 1994] . In the 13:50 UT pattern, there is another current pair in the early dawn sector, with the downward and upward current having polarity similar to the Region 1 and 2 FACs, respectively. Additionally, the cusp current pair has weakened. There is some evidence that along the 9 MLT meridian, there is a four-sheet FAC system [Yamauchi et al., 1993; Taguchi et al., 1993; Ohtani et al., 1995] that can be associated with complex flow patterns and field topologies [Watanabe and Sofko, 2009] . It should be noted that while the fitted Birkeland current maps show this signature and local time overlap of the strong current pairs observed at distinctly different latitudes in the adjacent satellite planes is likely, no direct AMPERE observations were obtained in the local time range, where the four-current sheet structure is most prominent. Then, at 14:30 UT, the FAC system has weakened, and while there is evidence of the four-sheet system along the 10 MLT meridian, there is also evidence that the dawnside region 1 current has begun to connect with the noon region 0 current. Finally, at 16:30, the dawnside region 1 current and the high-latitude region 0 current have merged. Additionally, the dawnside region 2 current has weakened significantly. [8] Ionospheric plasma convection associated with the cusp and dawnside current pair during the FAC reconfiguration can be determined using data from the DMSP drift meter [Rich and Hairston, 1994] , which passes close to the dawn sector, and the Sondrestrom incoherent scatter radar, which made observations in the near noon sector. Figure 3 shows Sondrestrom velocity vectors and average AMPERE FAC patterns for the duration of two DMSP passes. For the F15 pass at 13:52 UT (top), flows in excess of 2 km/s are observed at each of the two major current pairs. Unlike the F15 pass, for the F16 pass at 14:27 UT (bottom), SSJ/4 particle data were available, and the open-closed boundary was able to be determined in a manner consistent with past studies [Redmon et al., 2010; Wilder et al., 2012b] . During this interval, flows are still seen in excess of 2 km/s. Additionally, the fastest flows observed by the F16 spacecraft appear to be on open-field lines. Because of the sunward direction of these flows, they are resisted by the magnetosheath flow and must be maintained by a significant Lorentz force. Since the DMSP F16 spacecraft skimmed the cusp current system, this implies that the fast-flow channel extending across the noon meridian is driven by magnetic reconnection between the IMF and geomagnetic field lines on the dawnside flank [Li et al., 2011; Wilder et al., 2012b] . Therefore, the sunward flow in the morning sector cannot be thought of as typical return flow with its corresponding region 1/region 2 FAC system such as in the Dungey [1961] cycle. The origin of the flow channel near local dawn will be discussed in more detail in the following sections. [9] The FAC patterns and convection observations in Figure 3 suggest that the reconfiguring current system shown in Figure 2 is associated with intense eastward-directed zonal flows in both the dawn sector and past local noon with velocities exceeding 2 km/s. In the past, flow channels exhibiting velocities of this magnitude have been shown to coincide with extreme levels of Joule heating that can produce "anomalous" upwelling of thermospheric neutral gas in the dayside polar cap [Crowley et al., 2010; Wilder et al., 2012b] . In order to predict extreme Joule heating, a better understanding of the temporal response of these intense FACs to transient solar wind and IMF features such as the one after 12:40 UT are needed.
[10] Figure 4 shows time series of the SYM-H index, the IMF B Y component and solar wind MA observed by THB, and the maximum and minimum FAC values observed by AMPERE in the dawn sector current pair for 5-8 MLT. The latitudes of the maximum and minimum FAC at 7 MLT are shown. The AMPERE FAC maxima and minima Coinciding with this peak, the downward current sheet at 7 MLT reached its minimum latitude extent, and the maxima of the upward and downward current sheets were separated by less than 5 latitude. As the magnitude of the IMF B Y component decreased, the peak current values decreased, and the upward and downward current sheets separated. We note that the integrated absolute value of the FAC (not shown) along each MLT meridian also showed a time lag of approximately 1.25 h. This suggests that there is also an enhancement in the total electromagnetic energy deposited into the dawn-sector ionosphere.
[11] In comparing the peak current with the SYM-H index, as the current increases in magnitude, SYM-H turns increasingly negative. Additionally, during the time period where the FAC strength is growing, the solar wind MA is lower than the nominal value of 8. One would expect this, as at higher solar wind MA, the magnetosheath MA will also increase, which can suppress magnetic reconnection at high latitudes due to flow shear across the magnetopause current sheet [Cassak, 2011, and references therein] . Additionally, higher solar wind MA conditions can increase the plasma beta in the magnetosheath, which can lead to a suppression of reconnection due to diamagnetic drifts at the magnetopause current sheet [e.g., Lavraud and Borovsky, 2008; Swisdak et al., 2010] . Eriksson and Rastätter [2013] also used MHD simulations to predict that cusp-region flow channels under IMF B Y -dominant conditions would be more prominent at lower solar wind MA. To provide a more quantitative analysis of these two trends, we compute the Spearman rank correlation coefficient between these quantities and the FAC system [Spearman, 1904] . The solar wind MA correlates with the peak FAC for the four MLTs shown with an average of À0.43 for the maximum and À0.47 for the minimum. The SYM-H index correlates with an average of À0.41 for the minimum and À0.37 for the maximum, respectively. The minimum and maximum current correlates with the IMF B Y with an average value of 0.59. All of these correlations pass a significance test against the null hypothesis at the 99% confidence level and were calculated without lagging any of the variables in time. The peak FAC magnitude correlates best with the IMF B Y , which is to be expected. The correlations between the peak FAC magnitude and the solar wind MA and SYM-H appear to be comparable. This demonstrates that there is a complex combination of internal and external driving associated with the FAC system observed here, with significant time lags in place. For example, the peak current lags the impulse in IMF B Y by 1.25 h. Additionally, the SYM-H index turns most negative 50 min after the peak FAC. This makes sense if one considers enhanced convection precedes an enhancement of the ring current. We interpret the correlations to imply that while the IMF B Y impulse drives the system, and the solar wind MA may impact the effectiveness of reconnection at high latitudes. The time lag in the dawn FAC magnitude is likely due to internal processes that also lead to the enhancement of the ring current and the minima of the SYM-H index.
Summary and Discussion
[12] The present study investigated the response of the dayside FAC system to an impulse in the IMF B Y to À21 nT, followed by a gradual decay in magnitude with steady clock angle. We showed that this impulse led to a restructuring of high latitude FACs, as well as observations of flows in excess of 2 km/s extending from 5 to 13 MLT. Previous studies of intense energy deposition and fast-flow channels under strong IMF B Y conditions only observed local "hot spots" of a few hundred kilometers in ionospheric Joule heating that coincided with fast flows observed by the DMSP spacecraft [Crowley et al., 2010; Wilder et al., 2012b] . The inclusion of Sondrestrom incoherent scatter radar data as well as AMPERE FAC data in addition to DMSP shows that these fast flows can cover a wide range of MLT, extending over more than a quarter of the zonal circumference. This should have significant consequences in generating enhanced ionospheric Joule heating under IMF B Y -dominant conditions and the associated thermospheric neutral density upheaval.
[13] Further, the temporal response of the high-latitude ionospheric convection and large-scale FAC system was investigated. It was found that in addition to the propagation delay between solar wind observations and the associated geophysical effects, there was also a delay exceeding 1 h between the peak IMF B Y and the peak dawnside FAC and dayside ionospheric flow. This time lag is important for two reasons. First, it is very close to the auto-correlation lag between a southward turning of the IMF and the maximum auroral electrojet index value [Arnoldy et al., 1971] . Second, under southward IMF, this lag is associated with the reconfiguration time of the magnetosphere during a substorm growth and expansion phase [Baker et al., 1996 , and references therein]. Additionally, the peak in the dawnside FACs coincides with the four-sheet pattern observed by AMPERE during the reconfiguration of FACs shown in Figure 2 Sofko [2008, 2009] . Eventually, open flux tubes in the tail near the dawn sector will reconnect, enhancing the dawnside Region 1 and 2 FAC pair and driving fast ionospheric flows near MLT dawn in the ionosphere. This combination of different reconnection "types" can also lead to the four-sheet pattern observed in the morning sector in Figures 2 and 3 . Eventually, the system relaxes and four-sheet system becomes significantly less prominent, and more like what one would traditionally expect under IMF B Y -dominant conditions [Watanabe and Sofko, 2008, and references therein] .
[14] The results of the present study demonstrate the challenges in predicting dayside energy deposition from the magnetosphere into the ionosphere during non-southward IMF. The fast flows associated with intense Joule heating can be found over a broader range of MLT than previously observed. Additionally, processes analogous to substorms under southward IMF may lead to a delay between a strong dawnward or duskward IMF turning and the peak FAC and convection seen in the morning or afternoon sector, respectively. While periods where the IMF B Y component dominates are typically considered geomagnetically quiet, the present study shows that there is still significant activity, albeit at higher latitudes. Further work will be needed to determine what magnetospheric processes lead to the large amount of temporal variability in the FAC and convection patterns during these intervals. [16] The Editor thanks William Bristow and two anonymous reviewers for their assistance in evaluating this paper.
